In this paper we investigate the effect of electron beam irradiation on the dielectric properties of As 2 S 3 Chalcogenide glass. By means of low-loss Electron Energy Loss Spectroscopy, we derive the permittivity function, its dispersive relation, and calculate the refractive index and absorption coefficients under the constant permeability approximation. The measured and calculated results show, to the best of our knowledge, a heretofore unseen phenomenon: the reduction in the permittivity of ≥ 40%, and consequently a modification of the refractive index follows, reducing it by 20%, hence suggesting a significant change on the optical properties of the material. The plausible physical phenomena leading to these observations are discussed in terms of the homopolar and heteropolar bond dynamics under high energy absorption. The novel phenomena exhibited by As 2 S 3 -thin film can be capital for the development of photonics integrated circuits using electron beam irradiation method.
I. INTRODUCTION
Over the course of the last decades chalcogenide glasses have been a subject of great interest due to the myriad photon-induced phenomena they exhibit, enthralling the imagination of scientists and engineers to prompt a sundry of photonic applications relevant to countless areas of research and engineering, ranging from biology [1, 2] and telecommunications [3, 4] , all-optical chips [2, 4] , single photon sources [5, 6] and holography [7] . Still and all, as fascinating the applications from chalcogenide glass may be, they have withal been worthy of great attention from fundamental sciences, owing to the seemingly oxymoronic nature of the physical effects observed in multiple experiments, e.g. giant photo-expansion [8] versus photo-contraction [9] , photo-liquidity [10, 11] versus photo-crystallization [12, 13] , photo-darkening [14, 15] versus photo-bleaching [14] , and namely photo-refraction [15] [16] [17] [18] , to name a few; all taking place upon illumination with light within a comparable energy range to that of their band-gap, E g ∼ 2.4eV. Studies from fundamental physics and material science have led to various models to explain the mechanisms behind the exciting structural reconfiguration capabilities and phenomena observed in them upon energy absorption. That being said, the physical processes, as well as many of the phenomena reported, still remain both a matter of debate and a hot topic in fundamental and applied research.
The principal experiments, observations and models in chalcogenide glass deal with phenomena triggered by light irradiation. Photon induced phenomena in chalcogenide glass comprise: photon-induced--refractive index modification, -liquidity, -dichroism, -anisotropy, -crystallization, -darkening, -bleaching, and -vitrification [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , in addition to other innate effects present in highly non-linear materials, v.gr. second harmonic generation [20, 21] . To understand the nature of these effects, and the electronic and atomic processes involved, it is essential to investigate the charge carrier transfer, energy spectrum, and the mechanism of radiation (electron or photon) interaction with the material and its chemical and atomic structure [9, 11, 13, [22] [23] [24] [25] [26] .
Electron irradiation induced refractive index modification has also been observed. Suhara et al. [27] , found a maximum change of ∆n/n = +3.6%, with no significant modification of the film's thickness. Alternatively, Normand et al. [28] [29] [30] and Tanaka et al. [31] , inde-2 pendently, have observed a ∼ 3% increment in the refractive index of chalcogenide glass; concurrent to the formation of trenches and mounds, 180 nm and 110 nm respectively, in chalcogenide films 5 − 11 µm thick. They posited that the morphological and optical alteration derived from the structural reorganization and re-bonding of the homopolar and heteropolar bonds, in addition to the electrostatic effects arising from the charge density variation [28] [29] [30] [31] .
Whilst many of these effects allure our research interest, we are particularly intrigued by the alteration in the optical properties of chalcogenide thin films, and their possible myriad applications. However, in most of the previous studies concerning this subject, only the refractive index has been measured, and little information is available on how the electromagnetic components, permittivity and permeability, reshape under energy absorption. In this paper we present the results of our investigation on the permittivity of chalcogenide As 2 S 3 thin film by means of low-loss electron energy loss spectroscopy (EELS); and its dynamics upon energy absorption. We believe that understanding the electromagnetic characteristics and their dynamics, particular to this material, are key to enable and extend many of the devices proposed by transformation optics and achieve light control beyond the scope of [meta]materials.
We have organized the paper in the following fashion, section I presented a review on the subject at hand. In section II, we introduce the theoretical and experimental methodology needed to explain the experimental results. Section III presents the results and analysis, followed by the deduction of the refractive index under the constant permeability approximation, while discussing its implications. Finally, in section IV, we present our conclusions.
II. METHODS
It is worth to discern the difference, and connection, between the refractive index and the electromagnetic properties of materials. The former is the ratio between the propagation speed of waves inside a material to that of vacuum; whereas the latter, permittivity (ε) and permeability (µ), are the physical representation of a material's intrinsic electric and 3 magnetic properties; which arise from the atomic, electronic and molecular configuration and interactions with the electric and magnetic fields, ultimately shaping their propagation dynamics. Accordingly, the refractive index and the electromagnetic properties of materials are entwined by the widespread relation: n = √ ε r µ r , where the subscript r refers to the relative permittivity or permeability, i.e. ε r = ε/ε 0 and µ r = µ/µ 0 . Permeability and permittivity are, then, key to manipulate light propagation in materials, and hence the importance of characterizing them, and understanding how can they be modified.
A. Electron Energy Loss Spectroscopy
As discussed earlier, As 2 S 3 chalcogenide glass, exhibits electron-and photon-irradiation induced modification of its optical properties. In our study we use low-loss EELS [32, 33] to characterize the real and imaginary parts of the permittivity of As 2 S 3 .
In our EELS experiment, the material is exposed to an electron beam setup a priori, with energy, E e , usually in the order of 10 3 eV. If the sample is sufficiently thin, ≤ 500nm, a vast majority of the electrons will pass through the sample without being perturbed, but a small fraction of them will undergo inelastic scattering loosing energy to the sample, typically in the order of 10 3 eV. It is important to note that while some elastically scattered electrons will also transfer some energy to the system, this is not enough to perturb the overall atomic arrangement of the sample. Even on a head-on collision with the atom the elastic scattered electron energy loss will be in the range of 1 eV, which is not sufficient to displace the atoms and thus change the molecular arrangement. The inelastic scattering however yields enough energy to the system to sustain bond-breaking and alterations in the electron density. The latter electron loss can be experimentally measured via an electron spectrometer.
The inelastic scattering process is characterized by the scattering angle θ, or the momenta q, and the energy loss E s due to their interactions with the material, which include phonon excitation, inter-and intra-band transition, plasmons excitation, inner shell ionization, 4 and Cherenkov radiation. These interactions can be summarized by the dielectric response function, ε( q, ω); which describes the interaction of photons and electrons with the material [33] .
Admittedly, the interaction of photons and electrons with those in the solid is different;
photons displace the electrons in the material in a direction perpendicular to their direction of propagation, with the electron density remaining unchanged, therefore we define the optical permittivity as a transverse property of a medium; whereas electrons interacting with the material produce a longitudinal displacement of the electrons, and change the electron density. Moreover, the energy transfer mechanisms for photons differs from that of electrons; in the former the energy transfer is mostly mediated by inter-and intra-band
carriers, among other transitions. In the scenario of electron irradiation, energy transfer takes place by means of inelastic scattering, and to a lesser degree by elastic scattering. Despite the fundamental differences, however, it is possible to establish a correlation between the permittvity measured by electrons or photons if we constrain to small energy losses, which translates small scattering angles for electrons. Under this condition ε( q, ω) varies insignificantly with q, and hence ε( q, ω) ≈ ε( q = 0, ω = E/ ), the latter being the optical permittivity [33] [34] [35] .
Whence stems the versatility of low-loss EELS over other methods to measure the permittivity of thin film samples constraint to small probing areas. Specifically, if scanning transmission microscopy (STEM) is used, the volume of study can be reduced to nanometric scale, allowing us to study the material and its response locally. As discussed in the preceding paragraph, in a typical EELS experiment low angles of collections are used, and thus most inelastic collisions result in energy losses to the incoming electrons of less than 100 eV. This energy loss range in turn deciphers information about the permittivity within an energy range of interest to optics and photonics, i.e. ≤ 10 eV. The latter is achieved by post-processing the energy loss spectra by means of Kramers-Kronig relations to evince the real and imaginary parts of the optical permittivity [33, [36] [37] [38] [39] [40] [41] .
B. Experimental arrangement
In our experiment, high energy electrons ( 300 keV ) impinge on an As 2 S 3 thin film, 300 nm ± 5 nm thick, grown on a 2 µm holey-Cu TEM grid by means of electron-beam evaporation, and the roughness, film thickness and stoichiometry are characterized by atomic force microscopy ellipsometry, and EDX.
To ensure the validity of the low energy loss limit approximation, we use a scanning transmission electron microscope (STEM), coupled to a low-loss EELS and perform the experiment in the low momentum transfer relativistic approximation. We set the electron source to 300 keV, with a collection angle of 6 mrad, and incident semi-angle of 4.575 mrad.
Under these conditions the energy resolving power of the electron loss spectrometer is better table I ). Additionally, irradiation is done in two slots, namely set A and set B; separated by a relaxation zone defined as the time where zero electrons are incident on the sample. These three regimes allow us to determine if, after a given time of repose, the material returns to its initial state, i.e. if it shows memory or a hysteretic behaviour. TABLE I : Experimental irradiation time and dosage. The symbol "+" is used to demark that the material was subject to irradiation for a given time before the new measurement.
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III. OBSERVATIONS AND ANALYSIS
As discussed earlier in the text, we study the energy loss spectra of transmitted electrons in the low momentum transfer relativistic approximation, customarily known as low-loss EELS. The experiment results is a spectra-like graph detailing the density of electrons versus their output energy, at different irradiation dosages.
A. Results analysis
In order to obtain the optical and electronic characteristics of the material, the loss spectra needs to be deconvoluted, and the zero loss subtracted: this is attained by the Fourier-Log Two Gaussian method [33] (see figure 1). A meticulous inspection of figure 1 reveals that the peak of the loss spectra decreases as a function of dosage as depicted in figure 2b), after four dosages, and before relaxation, the peak value changes 8%. It is also evident that the process has some degree of elasticity, where after relaxation some recovery of occurs such that the electron intensity before and after relaxation suffers a 2% return (see figure 2b) , however this return goes hand in hand with a blue-shift of the peak dispersion of ∼ 3 eV . Yet there is a striking effect subsequent irradiation for long periods of time has a reverse effect increasing the total electron intensity, rather than decreasing it as was the case before relaxation. As we will elucidate later this effect can be explained by the breaking of the homopolar bonds, and the continuous reconfiguration of the heteropolar bonds within the material. Is capital to recall that our experiment is carried in a vacuum environment (10 −8 Torr), therefore eliminating any chance of oxidation and contamination on the material surface. As discussed earlier, the electron energy loss is linked to the real and imaginary permittivity (see equation 1), and hence we can expect them to follow a somewhat similar pattern to that of the energy loss. [33] .
By virtue of the above equation and the Kramers-Kronig relations we obtain the imaginary part of the permittivity function, ε 2 = (ε), and the real part, ε 1 = (ε), here shown in figure 3 .
It is essential for the ongoing discussion to remark that in the curves of figure 3 , and subsequent, the causal variable, hν, refers to the photon energy, for recall that these result from the Kramer-Kronig analysis on the electron energy loss spectra at the low momentum approximation. Therefore, they can be regarded as dispersion relations for the permittivity at different irradiation dosages.
As predicted at analyzing the electron energy loss spectra, the real and imaginary parts of the permittivity decrease as the electron dosage augments. Moreover, figures 3c and 3d confirm the hysteretic comportment of the permittivity. Particularly, observe that the maxima of ε 1 reduces, and shifts following a hysteresis loop, as the total dosage rises; while its minima shifts to higher energies, although seldom changing its dispersion energy hν. On the other hand, the maxima of ε 2 exhibits a similar decrement, as that portrayed by ε 1 as a function of dosage, with the difference that there is no evidence of a hysteretic behaviour, rather the maximum shifts to higher energies together with electron dosage.
To acquire a deeper insight on the material's permittivity dynamics we sample it by splitting the dispersion energy range into two sets, range A comprises energy values around the bandgap of the material, 2.0eV ≤ hν ≤ 3.6eV ; and range B includes higher energies 4eV ≤ hν ≤ 10eV . Within Range A the sampling results compiled in figures 4a and 4c
clearly evince the hysteretic behaviour of the electron-induced permittivity change. At comparing the curves given by the maximum peaks of ε 1 and ε 2 , before and after relaxation, it is patent that some degree of restoration occurs in the system which allows a recovery of up to 75% of the initial values. Furthermore, the dynamics of the extreme values of either the real or imaginary permittivity echo an almost identical pattern, with an initial fast rate of change at the first irradiation steps 0 ≤ t * ≤ 0.2 ms, closely followed by a sustained decrement 9 on its absolute value, i.e. the pace at which the permittivity changes tends to zero for a sufficiently large irradiation time (see figures 5). As we will explain in section III B this effect can be explained by the variation in the density and rearrangement of the homopolar and heteropolar bonds, which significantly modifies the material's response to energy absorption. 
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As it can be appreciated at comparing the results between the two energy ranges, either for real or imaginary parts of the permittivity, shows significantly different comportments.
The test values for the real permittivity in range A closely follow the pattern and magnitude modification of the global maximum, while the global minimum remains virtually unperturbed. In range B, however, the selected values present different bearing to that observed in the previously. Specifically, before relaxation samples at hν ≥ 6 eV initially increase in magnitude as much as 10%, in contrast to the marked decrease of the global maximum. pattern to that of the maximum; an initial fast decrease, followed by a sustained decrease in magnitude, although steadily reducing the rate of change. The physical explanation to this curious reaction of the material, reflected by the permittivity, in response to electron bombardment can be reasoned in term of the modification to the physical bonding between the Arsenic and Sulfide atoms, and the electron traps within the material, assuming that there is no increment in the initial number of electrons in the material, which to this effect is grounded.
B. Physical process
To fathom the physical process behind this phenomenon it is necessary to gain some understanding about the atomic configuration of As 2 S 3 chalcogenide glass. Either amorphous or crystalline, the structure of chalcogenide material based on As and S is composed of pyramidal arrangement in threads that form layers linked by homopolar (As-As and S-S) and heteropolar (As-S) bonds (figure 6). The bonding energies in the homopolar case are 1.88 eV and 2.39 eV for As-As and S-S bonds, respectively; whilst for the heteropolar
Derivatives of the permittivity function with respect to the causal variable dosage, t * .
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FIG. 6: Homopolar and heteropolar bond breaking process under electron irradiation in As 2 S 3 .
(As-S) the bonding energy is 2.29 eV [42] . Our sample has a similar proportion of As and S atoms, 51% and 49% respectively, as measured by XPS. The atomic composition measured before and after the experiment did not show any net flux of atom concentration. The incoming electrons (300 keV) can break the homopolar and heteropolar bonds with ease by mean of inelastic collisions; whence a structural rearrangement follows, with the broken homopolar bonds switching to heteropolar bonds [43, 44] . This structural rearrangement will continue for as long as the material keeps being bombarded with electrons. However, since the concentration of As atoms is higher, the re-bonding of the S and As atoms, mostly coming from the broken homopolar bonds, will lead to dangling uncoordinated As atoms.
Under relaxation, the dangling As atoms, in vacuum, re-bond in homopolar As-As pairs.
Consequently, the density of homopolar bonded As increases, resulting in a diminished response to electron irradiation as observed in the decrement in the rates of change before and after the first irradiation and relaxation period 5.
Concomitant to the re-bonding process is the nano-crystallization of the material, which causes a reduction in the number of the trapped carriers, either by promoting a large fraction of the electrons to the conduction band, or by reducing the number of carrier traps in the material. The overall modification of the electronic density states originates the prominent reduction in the permittivity. Recall that in amorphous and semi-crystalline materials the permittivity heavily depends on the density of trapped carriers. This comes from the fact that carrier transport in these materials, like chalcogenide glass, is controlled by traps; at any given point in time a fraction of the carriers is confined, and since the dipole moment of the filled and empty traps may vary broadly it changes the permittivity of the material [25, 45] . A working model for the dielectric constant based on the electron trapping was given by Arkhipov et al. [46] ,
where ρ dE is the carrier density trapped in the energy interval E to E + dE, r is the position vector, t the time, E is the trap energy, ε 0 is the vacuum permittivity, and κ 0 is a coefficient that depicts the change in the dipole moment of the traps due to the capturing of electrons in them. Observe that in order to reduce the permittivity at t > t 0 a reduction in the density of trapped electrons is inexorable, i.e. ρ( r, t, ; E) < ρ( r, t 0 , ; E).
Evidence of such electronic rearrangement under energy absorption by As 2 S 3 chalcogenide thin film has been reported separately by Tanaka et al. and Lee et al.. Tanaka et al. [47] , observed chemical and medium range re-ordering in As 2 S 3 film under photon energy absorption. Meanwhile, using X-rays, Lee et al. observed modification in the structure order of chalcogenide films [48] . Albeit focusing on the dynamics of photo-darkening and anisotropy, respectively, both studies show that upon energy absorption the material suffers an alteration in both the electron energy density and the bond structure; in agreement with our observations, where the alteration of the permittivity springs from the changes in the structural and electronic states of the film.
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C. Prospective deduction, the refractive index
Earlier we discussed the inextricable relation between the refractive index n and absorption k, with the electromagnetic properties of the material, ε r and µ r . Often, in the deduction of the refractive index, the permeability µ r is set to a constant value, generally 1.
Resulting in a set of relations widely available in the basic literature. Here we present the calculated optical parameters n and k based on them (see figure 7) . Under the former assumption, the computed results show a similar behaviour for n and k to those observed for ε 1 and ε 2 , with the refractive index n peak reducing ∼ 23% after an irradiation time of t = 1. The minimum change takes place at 6.5 eV where the reduction is ∼ 8%. For energies close to the band-gap the reduction is on average approximately 20%. The absorption k also shows a striking decay down to 40% for its peak value, and a minimum of ∼ 10%, with an average reduction of ∼ 35% for dispersion energies close to the band-gap. Calculation of the extrema of the refractive index and absorption coefficient are shown in figures 7c and 7d.
The observed measurements, and the calculated optical properties therein, are extraordinary, in the sense that all previously published experiments, with high energy electrons (40 keV), reported an increase in the refractive index between 3% to 8% [27] [28] [29] [30] [31] 49] . In addition to the vast literature reporting photon-induced refractive index change, which has yielded as much as an 8% increase in the refractive index of As 2 S 3 film under illumination [13, 15] . Yet, under the constant permeability approximation, in our experiment the refractive index decreases as much as 23%. Bearing in mind that the conditions in the cited experiments are significantly different from those here reported, we believe the discrepancy could be explained by two different mechanisms. The first would state that, as described in the previous section, the permeability remains unchanged, while the number of electrons increases, the number of homopolar and heteropolar bonds broken does as well, leading to the recombination mechanism described earlier. These structural alterations in turn induce nano-crystallization, ultimately leading to the generalized reduction on the number of energy traps, especially within energies within range A; altogether will cause the reduction in the permittivity, and therefore reduce the refractive index.
On the other hand, to bring to terms the previous published results and ours, it would be necessary for acknowledge a dynamical change of the permeability, with respect to electron irradiation. This would require the electrons to alter the atoms intrinsically by means of elastic collisions, and/or induce current loops, causing the magnetic dipoles in the material to reorganize, i.e. inducing paramagnetic states, and hence increasing the permeability.
However plausible the latter explanation could be, an experimental confirmation is required, together with further studies on the permeability of Chalcogenide glass under high energy electron-and photon-irradiation.
IV. CONCLUSIONS
A new characterization procedure and analysis of the permittivity of As 2 S 3 Chalcogenide glass has been presented based on low-loss Electron Energy Loss Spectroscopy. The results are extendable to the optical regime, based on the small angle scattering approximation.
The results allow us to calculate an approximate form of the refractive index, considering constant permeability; and hint the possibility of magnetic alterations induced by electron irradiation.
The calculated results and observations found that high energy electrons induced a reduction in the permittivity, real and imaginary, of As 2 S 3 thin film. The real permittivity underwent a maximum reduction of ∼ 40%, while the imaginary permittivity decreased ∼ 50%. The conspicuous results can be explained in terms of the atomic bond reconfiguration. In this model, the incident electrons break the homopolar and heteropolar bonds, leading to a reduction of the former, correcting the wrong bonds.
The results are significant to the development of manifold photonic applications, with applications to numerous areas of research and engineering. Namely, the observed reduction in the permittivity could enable a new range of transformation optics devices, which have been so far limited to the realm of far-IR. Furthermore, this results could be capital to future implementation of reconfigurable photonic circuits, infrared telecommunications, photonics crystals, all optical conversion and computing. 
